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 Abstract: The transmission functions of  H2O rotational band are calculated with 
the use of line parameter data compiled by  McClatchey et al.. The continuum absorp-
tion coefficients of  H2O are, then, estimated by comparing these results with the 
 exprimental measurements on transmission functions of  H2O rotational band made by 
Palmer and by Stauffer and Walsh. The results are compared with the measurements 
on the  H2O continuum absorption coefficients by Burch et al., and show reasonably 
good agreement in the  wavenumber region 320-500  cm-1, while significant discrepancies 
occur in the region 500-700  cm-1. We attribute the discrepancies found in the 
higher wavenumber region to the experimental errors by Stauffer and Walsh.
 1. Introduction 
   The pure rotational band of water vapor is important not only for radiative balance 
consideration in the atmosphere, but also in connection with the problems of remote 
sensing of atmospheric temperature and water vapor distributions. 
   The transmission functions of this band have been measured by Palmer (1960) and 
by Stauffer and Walsh  (1966). Few theoretical studies have been performed. Drayson 
et al. (1968) calculated the absorptances of this band and, comparing with the 
measurements by Palmer (1960) and by Stauffer and Walsh (1966), concluded that the 
absorption coefficients calculated with the van Vleck-Weisskopf line shape are com-
patible with experiments in the wavenumber region 250-500  cm--1, but considerable 
discrepancies exist in the region 500-700  cm-1. 
   An equivalent conclusion has been obtained by Aoki  (1972): Using the Lorentz 
line shape and somewhat greater values of line intensities and line widths than 
Drayson et  al. (1968), which were calculated using the value of the  H2O dipole 
moment  1.94  x  10-18 esu, he obtained good coincidences between calculated and 
measured absorptances in the region 200-500  cm-' but great discrepancies in the 
region above 500  cm-1. 
   Recently, at several wavenumber points in the  H2O rotational band, Burch et al. 
(1974) observed the continuum absorption coefficients, which are currently considered 
to be resulted from the water dimer. In the calculation of the absorptances of  H2O 
rotational band made by Drayson et  al. and Aoki, this continuum absorption of  H2O 
has not been taken into account. 
   It is the purpose of this paper to examine whether or not the discrepancies between 
the experimental and the theoretical absorption of  H2O rotational band found by 
Drayson et al. and Aoki can be attributable to the omission of the continuum absorp-
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tion of water vapor in their theoretical calculations.
2. Calculation of the transmission function 
   Consider a wavenumber point v lying between two  adjacent lines at  vi and  vj+1, 
where the subscripts j and  j+  1 denote the line number. The absorption coefficient is 
written as, for Lorentz line shape, 
       kl = E    (i) 
                                1=1  (v—vi)2±ai2 
where  Si,  (Li and  vi are the line intensity, the line half-width and the line position of the 
i-th line, respectively. N is the number of the whole lines to be considered.  ai is 
given by 
 ai = (2) 
where  P  H20 and  P  N2 are the partial pressures of water vapor and nitrogen, and a5,1 and 
 af,i are the self- and nitrogen-broadened line widths at 1 atm, respectively. Let  41, be 
sufficiently larger than the half-widths, and  JA and JB be the smallest and largest line 
numbers of lines which lie in the region from 
                            V•±71-+                 Av to    +zip: 
  2 2 
                                 V j+71i+1 
 VJ4-1  < 2 — Av vIA  
• (3) 
                                   Vi+1".1+1               VJB2 <VIB+1 
In the present investigation, the value of  Av was taken as 2 cm-T. Equation (1) is 
now rewritten as 
 JB 7r-1S.a. 
            E  ksop....+kfopN.(4) 
                         i=1,4(v—vi)2+ ai2 
where  kso and  kf° are constants, being independent of  pressure  : 
                             N 
 ks° E'   (5)  (
v—v1)2 
 k  f°  =EN' (6)  (
v—vi)2 
where the summand  Z' denotes to be applied to all lines except lines of line number 
from  JA to  JB. 
   The absorption coefficient of  H2O continuum may be written as (Bignell, 1970) 
 kc  =  ks,,  PH.0  +  kf,  5PN, (7) 
The total absorption coefficient is then given by
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 k  =  ki  +le,  • (8) 
Thus, in this paper,  k, means the difference between the actual continuum absorption 
 coefficient and the absorption coefficient made by distant Lorentz lines whose centers 
are far from v by more than 2 cm-1. The transmittance at  v is written as 
 T(v)  = exp  (—ka) , (9) 
where a is the absorber thickness. The observed transmittance at v is, however, 
somewhat different from Eq. (9) owing to the finite resolution of the optical system, 
and is written as 
 v_HB 
 (v)  =  f  g  I  v—v'  1  )-r(v')dy'  , (10) 
 v-s 
where g is the slit function and  8 the slit width. In the papers of Palmer (1960) and 
Stauffer and Walsh (1966), the average transmittances over the broad wavenumber 
interval of about 50  cm-1 are given. The average transmittance  T- over the broad 
wavenumber region between  v, and  vo-FD is written as 
                                               riso+D            =J  T  (v)dv (11) 
                                                               va 
   Next, let us assume that the values of  k,,, and  k, , are constant and equal to  ks,, 
and  kf,,, respectively, within the interval D. With this assumption, it becomes that 
                   r  71 exp  (ks,6  PHso  a—kf,,  PN.a)  , (12) 
where  .1-  / is given by 
 vo+D  v,S 
 =  -DJ  dvi  dv'  g(iv—v'  I)  exp  (—kia)  . (13) 
 .0  i,--3 
3. Numerical integration of  .7-1 
   The slit function effect on  T-/ in Eq. (13) has approximately been taken into 
account by the following method. Consider the integral 
 "2  'fa 
 Wi(vi,v2)  dv  f dvg(  v—vi  )  , (14) 
                                    vi  v--8 
with the assumption 
 >  8  • (15) 
Let devide the function  7-(v) into two parts: 
                            p-(v) ,v712                   1-1(V)=1
0 , v <vl,v > v2 (16) 
and 
                               r0 , viv v,                       T2M= 
`(17)                         T(v V <> V2
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                    dv grldv' = T (v) dv W o(v,, v2) , 
 v1  v-8  vi 
which is independent of slit function. Finally, we obtain the equation 
                    vl V a v2+30  V2
 W'(v1,v2) =  T/VO(V1,V2)  dv f gTdvi  —f dv  f gTdv' 
 vi—So  vl  V,  v-5 
                               v1+32  v1v2via 
 dv  dv  f grdv'  . 
             V1 v—S  vi-80  V 
   It is clear that the terms other than W0 in the right hand side of Eq. 
only small corrections to W0. According to this consideration, the second 
double integrals in Eq. (20) were approximated by the following equation 
                                                     vl/ 
 grdv  c  28  f  Tdv  , 
assuming the slit function to be rectangular. 
   The integrals of  T(v) which appear in Eqs. (19) and (21) were  calculat€ 
by-line numerical integration. Fig. 1 shows the absorption spectrum from 
of one line to that of another. The feature of the absorption spectral c 
line to line depending on the value of X, as shown in Fig. 1, where X is del 
                               Sa   X  —                                        2
7ra 
On account of this fact it is desirable to change the values of interval  Ix 
mesh points, to which the numerical quadrature is applied, depending on ti 
X. All of the methods previously proposed by several authors (Drayson, 
and Maguire, 1974) to determine the intervals are, however, independent of 
work, the following method of determining the intervals was  developed:
Then, it will be written as 
 v+8  p2+s, 
 dv  f (gTid-gTOth/ W'(v,,v2) = f dv fgTelv' 
              v1  v-8 
       "1.v2+h        —  dv  f —  f dv  fgT,dvi (18) 
 v,+80  vs 
         v1+80  v2 
 dv  fgr,dv'  dv  fgT,dv'  , 
 vi-so 
where  80 is the largest of  8 in the wavelength region considered.  8 was assumed to 
vary linearly with wavelength within the four wavelength regions, taking the following 
values: 2.5-1.5  cm-1 for region 14-20  pm; 3.5-1.75  cm-1 for 20-30  pm; 4.25-2.5  cm-1 
for 30-40  Jam; and 2.85-1.15 cm-1 for 40-50  ,am, respectively. It is well known 
that the first term in Eq. (18) reduces to the following integral, provided the 
relation (15) is satisfied, 
 v+8  v2 
   ,  ,  (19)
(20)
i   . (20) act 





tm fr m the center 
tral urve varies 
 i  fined as
(22)
between the 
the value of 
 1966; Kunde
X. In this 
 d: For the
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system of only one line, the absorptance  A(y) is written as
 A  (y)  i-exp  (- 2X  




 71-110 1 .
Here,  vc, is the line center. Writing the absorptance at line 
points are taken at such values of y, at which the absorptances 
0.1 of  A,. The value of y at which  A(y)=rAo. is given by 
 yr  —[-22(11n(1—r+re-2X)._  li1/2 
For  X> 1, the following approximation is  valid: 
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of the value of X.
 (24).
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    The accuracy of this method was examined for the system of only two lines. Fig. 
1 shows an example of the mesh points determined by this procedure for the case 
where the half-widths of two lines are equal to  a1, the distance of two lines is 52  a, and 
the values of X are 25.0 for one line  1 and 1.0 for another line 2. The positions of the 
mesh points are denoted by v1,  v2,  ....,  vs, where  v1 and  v, coincide with the centers 
of lines 1 and 2, respectively. When X is large and  v4 becomes greater than  v5, the 
points  v,, and  v5 are omitted. Similarly when  v37,6, the points  v2 and v6 are 
omitted, and so on. The average transmission between two line centers was calculated 
for various combination of values of X for two lines and compared with the "exact" 
one which was calculated with more fine meshes. Fig. 2 is the diagram of error when 
the line distance is 100  a1. One can see in Fig. 2 that the maximum error is about 
0.003 in transmittance, however, we note here that in the calculation of this diagram, 
the points of  yo ,95 that is smaller than 1 was omitted. The higher accuracy will be 
obtained by dividing each primary interval into two , three or etc., respectively. In 
the present calculation of  H2O rotational band transmittances, each interval was divided 
into two, and so the general accuracy is considered to be better than 0.001.
4. Results and discussions 
   In the windows, where the first term in Eq. (4) is small, it is expected that the 
absorption coefficient is written as 
 k  —  k1P-i-k2PH,o  , (32) 
where P is the total pressure, which is roughly equal to  PN2. The values of  ki and  k2 
have been measured by  Bignell (1970), Burch (1970) and Burch et al. (1974) at several 
narrow windows in the  H2O pure rotational band and are shown in Fig. 3, where the 
values of  k2 obtained by Bignell at temperature 303°K were converted to those cor-
responding to temperature 296°K, using the data obtained by Burch (1970) and Burch 
et al. (1974) at two or three points of temperature. In Fig. 3 are also shown the values 
of the absorption coefficient,  kJ, which were calculated by Eq . (1) at these windows 
with  ai=af ,i. It is seen that the differendes between  kJ and  k,, i.e.,  ki,j, are very 
small, being roughly zero. On the other hand, the differences between 4.9  ki,f and k2, 
i.e.,  k ,,, are great, showing  k,,, nearly equal to  k2. 
   We will now alternatively estimate the values of  kf,, and  ks,, from the data of 
measured transmittances by Palmer (1960) and Stauffer and Walsh (1966) by the 
method of the least square fitting, i.e., by minimizing the quantity 
 M 
                   a  = E  (Ti,cal—fi,obs)2  , (33) 
 i where M is the number of the data,  fi ,cal the calculated transmittance and  fi,obs 
the observed one. This was iteratively applied, starting from the initial values of  ki ,, 
and  ks,, which were estimated from the data of Burch et al. (1974). The iteration was 
continued  until the following equation is satisfied
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where  cr„ denotes  a at n-th iteration. 
   It is interesting to compare the calculated transmittances 
iteration to the measured one before showing the final results on
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 Fig. 4  A comparison of the measured and calculated  transmittances. The latter is based on the 
        values of line parameters compiled by  McClatchey  et al. and those of the continuum
         absorption coefficients measured by Burch et  al.. 
made in Fig. 4. Here, the initial values for  kf,, are assumed to be zero and those for 
 ks,, were taken from the measurements of Burch et al. (1974) and shown in the figure. 
In the wavenumber region 320-500  cm-1, the coincidence between the calculation 
and the experiment is excellent. In the region 495-715 cm-1, especially, in the region 
605-715  cm-1, it is seen a systematic diviation. The deviations of the calculated from 
the measured transmittances amounts from 0.05 to 0.2 in the higher wavenumber region. 
This greater discrepancies in the higher wavenumber region seem to be caused by the 
experimental error of Stauffer and Walsh (1966) as will later be shown. 
   Now let us return to the results for  hf,, and  kc. The finally obtained values of 
 kf and  ks,,, generally after a few of iterations, are listed in Table 1. As the magnitudes 
of  ks,, are nearlly equal to those of  k2, the values of them corresponding to temperature 
296°K were estimated using the values of  k, measured by Burch et al. at temperatures 
296 and 430°K and are shown in Fig. 3  by the broken straight line. Similarly, the
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Table 1  Estimat 
   Temp. (T) 
     (°K)
     293 
     283 
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curve for  kf,, was obtained as shown in Fig. 3, where, however, any temperature 
correction has not been made. 
   Interporating the values of  kf,, and  ks,, from these broken lines, the theoretical 
values of  kl and  k, at each window were obtained by the equations 
 kl =  ki,  f  41,c (35) 
and 
 k2=  4.94i  , (36) 
which were then plotted by white circles in Fig. 3. These theoretical values of  k, and 
 I?, are in good agreement with those measured by Burch et al. or by Bignell in the 
wavenumber region  320-500  cm-1 as is expected from the results shown in Fig. 4. 
In the 495-715  cm-' region, however, the deviations are significant for both values of 
 kl and  k2, the latter amounting about 5 times of those of Burch et al. 
   An examination seems to show that the main cause of this discrepancies between 
the calculated and the measured in the higher wavenumber region should be attributed 
to the experimental error of Stauffer and Walsh (1966). The upper part of Fig. 5 is 
the reproduction of a part of the absorption spectra obtained by Stauffer and Walsh 
(1966) and the lower shows the positions and the intensities of  H2O rotational lines. 
For the greater values of the precipitable water, the absorption spectrum (curve 1) 
matches with what is expected from the lower figure, but, for smaller value of 
precipitable water (curves 2, 3, 4), the absorption in the region between about 620 and 
715  cm--1 seems irregularly great. The absorption in this higher wavenumber region 
increase rapidly with the increase of the total pressure, and the spectra are quite 
similar to those of the  CO, 15  pm band. This fact seems to indicate the presence of 
CO2 gases which might happen to mix into the gases in the absorption cell. 
   It seems that there were another error in the experiment, i.e., the shift of the 100% 
line. This indication can again be seen in Fig. 5: The curve of the absorption spectrum 
denoted by 2 seems to be shifted toward the zero transmittance by about 10% from 
what is ecpected from the curves 3 and 4 which are obtained for roughly same precipit-
able water and water vapor partial pressure but smaller total pressure than curve 2. 
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  curve 2 0.787 0.299  0.0041 
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obtained by Burch et al. (1974) is only 0.3%, whereas that of curve 2 amounts 10%, 
as seen. 
   Thus, if two of these suspections about the experimental error are true, it seems 
100% line shift has amounted to 5-10 % in the whole wavenumber region 495-715 cm-1, 
and effectively to  10-20% in the wavenumber region 620-715  cm-1 owing to the over-
lapping of CO2 15  pm band absorption. However, the experimental error thus 
estimated seems too large compared to what has been reported in the paper of Stauffer 
and Walsh, in which they estimated the accuracy of the linearlity of transmittance and 
of the reproducibility of the spectra within a few percent, and a same order of 100% 
line shift, the cause of which was attributed by them mainly to the temperature 
change of the cell system. However, although it is not at all noticed in the paper of 
Stauffer and Walsh (1966) or of Palmer (1960, 1957), it should be considered the 
possibility of 100% line shift caused by the pressure change in the absorption cell that 
induce a very small deformation of the cell body but the resultant change of the 
direction of the light beam can be large. In fact, such pressure effect on 100% line was 
observed in the 500 m long path cell, a white type cell of 6 m in length, in our 
laboratory. It was observed in our laboratory that the pressure effect is greater than 
the temperature effect, in general. As will be expected, the pressure shift of 100% line 
is generally greater when the absolute change of pressure is large, however, it 
complicatedly depends on many factors such as the speed of introducing the gases into 
the cell, the initial direction of the light beam, the initial value of the pressure, the 
symmetry of the cell body constitution, and  etc  ..
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   The possibility of the presence of such 100% line shift or of the error in the observed 
transmittance may also be true for the experiment by Palmer. In the following, we 
will examine the effect of the systematic error in observed transmittance on the observed 
absorption coefficient. Consider the observed transmittance T,—exp  (—k,a) of a 
monocromatic radiation, containing a constant error  AT caused by the 100% line shift. 
 k  e is the absorption coefficient to be observed. The real transmittance  T--exp (—ka) 
is written by 
                                                                        -r
e  7  =(37) 
 1+  AT 
and then the relative error of the absorption coefficient becomes 
 dk  ke—k   1 _   ln(1+  dT)                                              (38) 
               k k  )  —In(1  +  47-)- 
The dependence of  Akfle on re is shown in Fig. 6 for the case where  41T=-0,02. This 
result shows that the error in absorption coefficient becomes large for large value of 
the observed transmittance.
 S  0.5 
 4
            -o  o.5 1 
 re 
           Fig. 6 The effect of the systematic error in observed transmittance on the 
                   observed absorption coefficient. 
   Figs. 7 and 8 show the values of 1?  f  ,c and  ks, obtained from the data of Palmer and 
of  Stauffer and Walsh with the same procedure as before but for only groups of the 
values of the observed transmittance, which lie between  r'-0.1 and  T'+-0.1.  kf,, and 
 ks,, were obtained for every 0.1 of the value of  T' as shown. Although the curves 
somewhat fluctuate owing to the fact that 100% line shift are not exactly constant, 
probably depending on pressure or others, and that the number of data of each group 
is not sufficiently large, they clearly show the presence of the systematic error in the 
observed tfansmittances. 
   The errors seem to become great in both higher and lower wavenumber regions. 
It should be noted, however, that in the present work the first term in Eq. (8) is 
assumed valid and fixed, the error of the absorption coefficient is attributed to the 
second term  k, and so the relative error of  k, becomes greater than that shown in Fig. 
6 even for same value of  AT, depending on the value of fraction of  k, to k. This is one
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of the reasons that the variation of  hf,c or  k,6 is somewhat greater than that shown in 
Fig. 6 and that the variations of these values for lower wavenumber regions are 
somewhat great because where  k, is very small compared to  k. 
   To summerize, the three data, the  H2O line parameters compiled by McClatchey 
et al. (1973), the continuum absorption coefficients measured by Burch et  al. (1974) 
and by Bignell (1970), and the transmission function measured by Palmer (1960) are 
compatible with each other within a small error in the wavenumber region 320-500 
 cm-i. In the  495-715 cm-1 region, the measured transmission function by Stauffer and 
Walsh (1966) is too small. This seems to be caused by the overlapped absorption of 
15  pm band of  CO, which might have mixed into the gases in the long path absorption 
cell, and by the 100% line shift in their experiment. A more carefull measurements of 
far-infrared  H2O absorption is desired. 
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